Enhancing the effectiveness of lubricated systems extensively used in research communities still remains a challenging proposition. In recent years, some efforts have been made in coupling interfacial phenomenon like electrokinetics with lubricated systems for improved performance, but were relatively scarce. Towards this, employing an intricate coupling between substrate compliance, hydrodynamic and electrokinetic modulations we have analyzed the alteration in the flow physics in a deformable microchannel under the rheological premises of viscoelastic fluids which closely resemblance bio-fluids typically used in several bio and micro-fluidic applications. Here, we show that by making a judicious combination of involving parameters like concentration and molecular weight of polymer, concentration of electrolyte, monitoring the quality of Newtonian solvent one can achieve substantial augmentation in the load carrying capacity of the microchannel, thus having immense implications for novel design and performance of lubricated systems. 
Introduction
Lubricated systems are omnipresent in the engineering settings as well as in the physiological systems. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] The utilization of such systems has attracted significant attention in the research communities owing to their wide gamut of applications ranging from traditional engineering problems to biological processes. The performance of these systems is governed by their load bearing capacities which is a quantification of enduring maximum amount of load. 5, 6, [19] [20] [21] [22] [23] [24] A number of researches have been directed towards coupling interfacial phenomenon like electrokinetics with these systems in a vision to improve the performance. [25] [26] [27] [28] [29] [30] [31] One common feature of these systems is that they are often associated with flexible substrates thus making an interfacing between solid substrate and fluidic media, commonly termed as fluid-structure interaction (FSI). 12, 25, 30, [32] [33] [34] [35] [36] [37] These systems are further characterized by wettability and surface charge modulations [38] [39] [40] [41] [42] [43] [44] which are typically observed in narrow confinement flows interfacing with biological premises or may also be imposed by virtue of engineered approach. [45] [46] [47] [48] [49] Recently, there is a propensity of utilizing complex non-Newtonian fluids in several micro and nanofluidic applications because of close similarities in their constitutive behaviour with biological fluids. [50] [51] [52] [53] [54] Subsequently, constitutive relations have been proposed to describe the behaviour of biofluids, namely, power-law model, 55 Casson model, 56 Carreau model, 57, 58 (for inelastic fluids) and Maxwell model, 54, 59 Oldroyd-B model, 60 Phan-Thien Tanner model [61] [62] [63] [64] [65] [66] (for viscoelastic fluids) to name a few. While a number of research works in FSI can be observed in the domain of in-vitro bio fluid mechanics, they are mainly restricted to delineating physiological aspects of FSI without considering the rheological complexity of bio-fluids. 67, 68 In this context, we have theoretically studied the deformation characteristics of a parallel plate microchannel subjected to the aforementioned modulations under the rheological premises of viscoelastic fluids. This analysis unveils that by making a suitable combination of experimentally tunable parameters like polymer concentration, polymer molecular weight, regulating the quality of Newtonian solvent and altering the electrolyte concentration, it is practically possible to augment the load bearing capacity of deformable microfluidic channel up to one order of magnitude with respect to Newtonian fluid. It is envisaged that, the outcomes of present analysis holds significant engineering as well as physiological relevance by constructing a new paradigm towards novel design and optimal performance of bio-mimetic lubricated devices.
Problem Formulation
The physical domain of the present analysis consists of a parallel plate microchannel whose surfaces are compliant in nature. Rectangular Cartesian co-ordinate system has been chosen where x and y are the longitudinal and transverse co-ordinates with y = 0 being the origin of the physical domain. The length of the microchannel   l is much higher as compared to the half channel height,   h i.e., l >> h . Here, the flow is actuated by means of an externally applied axial electric potential where a binary, symmetric (1:1) electrolyte solution is employed. The channel walls are subjected to axial modulations in the hydrodynamic slip length in association with the surface charge patterning, which take the following form
where s l and  are the slip length and surface potentials,  and  are the axial modulations, q patterning frequency and  (or  ) being the phase difference between the axially varying and invariant components. In absence of any hydrodynamic and electrokinetic modulation, it represents the scenario of purely electroosmotic flow with uniform velocity profile and as a result, the presence of surface compliance has no effect. Any non-uniformity in the flow physics comes from the interaction between the modulation parameters which creates an imbalance in the pressure distribution. Now the 
where 
In equation (3), p is the hydrodynamic pressure. The compliant layer thickness is taken as c h which correlates the stiffness factor of the channel as 
The governing equations are now subjected to the modulated slip and zeta potential boundary conditions, as shown in the following     
The analytical approach for the solution procedure along with the solution is discussed in detail in the following section.
Analytical solution procedure
In order to take into account the combined effect of wettability and surface charge modulation, we expand any field variable in an asymptotic series in the following manner
Using the asymptotic expansion of Eq. (8) 
One interesting thing to note that the potential distribution gets influenced only due to surface charge modulation (involving   
We have performed this analysis by assuming equal slip modulations at the surfaces because of mathematical simplicity. The imposition of asymmetric slip boundary condition would introduce more complexity in determining the flow field which already involves inherent non-linearity owing to the complex rheological behavior. Now, the governing equations for the leading order flow field (i.e.
in absence of any modulation) are given by E dp dx y u y
where (11) 
Since,   O 1 solution corresponds to the perturbation free flow field, the effect of surface compliance will not come into picture and the separation between the two plates remains constant. The corresponding velocity profile is now presented below where xy xy xy xy xy dp dx y
The corresponding velocity profile is given by dp sDe u y y y u dp dp dx u l u h s D e h h dx h dx y y dp sDe u h h u dp 
Eq. (17) results in a differential equation describing the following pressure distribution in the axial direction where some mathematical simplifications are chosen like
Now, we non-dimensionalise all variables involved in Eq. (18) in the following way
and the corresponding dimensionless form of Eq. (18) is written below
The coefficients involved in Eqs. (18) Physically, in addition to surface charge and slip length alterations, further disturbance in the flow field comes from the addition of polymer which introduces several interactions within the flow domain thus influencing strongly the degree of deformation. This is discussed in detail in the results and discussions section.
Results and discussion
In this section, first we discuss the effect of two modulation parameters on the flow field and the associated load bearing capacity   
84
Another feature is the effect of excluded volume which becomes of critical importance when dealing with dilute polymer solution where the conformation of the polymer chain depends strongly on the quality of the Newtonian solvent. 83, 91, 93 The degree of expansion of the chain is dictated by the intermolecular interaction between the polymer molecules and the solvent molecules. This is always associated with an energy of interaction which plays a pivotal role in determining whether the chain expands or contracts. If the quality of the solvent is poor enough to nullify any effect of excluded volume, then one can represent it as the fulfillment of the θ-condition thereby resulting contraction of the polymer.
94,95
On the contrary, in good solvent the repulsion between the chains is strong enough to expand the conformation beyond the most stable configuration. This expansion makes a disturbance in the flow field which is already perturbed owing to the imposition of wettability and surface charge modulation. The combined effect of all these alterations results in an enlarged nonuniformity in the axial pressure distribution and the microchannel gets more deformed as a consequence. This leads to the conclusion that, for achieving improved load capacity of microchannel, dilute solution consisting of θ-solvent should be deployed over good solvent. Now, we focus our attention towards polyelectrolyte solutions 85, 93, 96, 97 which exhibit strikingly distinct behavior as compared to neutral polymer solutions. For neutral polymers, below This figure also incorporates the effect of rheological alteration in aqueous semi-dilute unentangled solution upon salt addition (Fig. 5 (iii) ). For example, the molecular structure of Xanthan gum (XG) is governed by the presence of charged side chains as well as the free ions in the solvent.
Upon salt addition, it experiences a transition in the molecular structure from extended to rod-like conformation, i.e. reduction in the hydrodynamic size takes place. This structural change affects strongly the rheological properties of Xanthan Gum (XG) which immediately influences the associated flow field. n , the EDL becomes so thin that the effect of electrokinetic modulation is diminished and major contribution comes from slip length modulation.
As a result, despite being actual relaxation time significantly different to that predicted by Rouse (ii) (i) (iii) (iv)
Conclusions
The primary objective of the present analysis is to delineate the alteration in the deformation characteristics of a compliant microfluidic channel under the rheological premises of viscoelastic fluids, typically reminiscent of complex biological fluids. As previously reported, the coupling between interfacial hydrodynamics and electrokinetics in association with surface compliance can significantly amplify the load bearing capacity of the microchannel. 71 Here, we show that further enhancement can be achieved by judiciously choosing experimentally tunable parameters. For example, using proper concentration of polymer, molecular weight, monitoring the quality of solvent, modulating electrolyte concentration in polyelectrolyte solutions it is practically possible to enhance the load bearing capacity up to one order of magnitude as compared to that of Newtonian fluid. We understand that these outcomes may construct a new paradigm in the context of improved and optimal designing of lubricated system involving biofluids thus bearing strong contemporary relevance.
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